The origin and function of the increased of "atypical lymphocytes" which appear in the blood of patients with many inflammatory diseases is not known. Leukocyte suspensions from eight patients with systemic lupus erythematosus (SLE), five patients with other rheumatic diseases, and five patients with infectious diseases were pulse-labeled with tritiated thymidine (Tdr-3 H) and sampled after 5 and 72 hr in vitro. Radioautographs indicated that 35% of the total large, nonphagocytic mononuclear leukocytes incorporated Tdr-3 H during the initial 5 hr of culture. Tdr-3 H-labeled large phagocytic or glass-adherent cells were observed only infrequently. After 72 hr one-third of the original number of Tdr-3 H-labeled cells from patients with SLE developed the morphology of macrophages and the capacity to phagocytose latex particles. Similar findings were observed in patients with other rheumatic diseases and bacterial infections. In contrast, the thymidine-labeled cells from patients with infectious hepatitis and infectious mononucleosis were poorly viable in culture and rarely became macrophages. Tdr-3 H-labeled small lymphocytes were uncommon. The present experiments suggest that in patients with certain inflammatory diseases large, proliferating "lymphocytelike" cells are very immature monocyte precursors which appear in response to tissue injury. These DNA-synthesizing cells together with mature monocytes may serve as the circulating source of macrophages.
INTRODUCTION
Although increased numbers of proliferating blood mononuclear leukocytes are found in a wide variety of inflammatory diseases, their origin and function are unknown. Using liquid scintillation counting methods, Horwitz, Stastny, and Ziff suggested that increased mononuclear uptake of tritiated thymidine (Tdr-8H)1 occurred especially in the acute phase of an inflammatory disease and may reflect either a response to nonspecific tissue injury, or antigenic stimulation (2) . Radioautographic studies were in agreement with other investigators who have shown that DNA-synthesizing cells are large mononuclear cells (3, 4) which have been called "atypical lymphocytes" (5) .
In the present experiments the blood mononuclear leukocytes obtained from a group of patients with rheumatic and infectious diseases were labeled with Tdr-8H in vitro and the cultures sampled at selected intervals to determine whether they acquired specific functional characteristics. The studies indicate that, although initially the labeled DNA-synthesizing cells are nonphagocytic cells, a significant percentage develop into macrophages within 72 hr.
METHODS
Classification of mononuclear leukocytes. Since tissue culture procedures alter the appearance of leukocytes, mononuclear cells were classified by size and phagocytic capacity "Abbreviations used in this paper: JRA, juvenile rheumatoid arthritis; MEM, minimum essential medium; SLE, systemic lupus erythematosus; Tdr-'H, tritiated thymidine.
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The Journal of Clinical Investigation Volume 51 1972 rather than morphologic appearance. Three groups were described: (a) small, nonphagocytic (< 12 /L); (b) large, phagocytic; and (c) large, nonphagocytic. The small, nonphagocytic cells were small and medium lymphocytes which measured up to 12 , on gelatin-coated slides. The large, phagocytic cells could usually be recognized as monocytes at 5 hr, but after that time typical monocytes were not observed. The large nonphagocytic cells in the patients studied were pleomorphic varieties similar to the "atypical lymphocytes" reviewed by Wood and Frenkel (5) . Macrophages in these studies were defined as mononuclear cells with intracytoplasmic polystyrene particles.
Patients. The diagnoses of the patients studied were systemic lupus erythematosus (SLE) (8 patients), rheumatoid arthritis, juvenile rheumatoid arthritis (JRA) (3 patients) , rheumatic fever, acute sepsis, pneumococcal pneumonia, infectious hepatitis (2 patients), and infectious mononucleosis. The control individuals were five male and five female hospital employees who had normal erythrocyte sedimentation rates by the Westergren method.
Tissue culture procedure. 10 million washed blood leukocytes were cultured for 5 hr using previously described techniques (2) . The cells were suspended in minimal essential medium (MEM) for suspension cultures (Grand Island Biological Co., Grand Island, N. Y.), 15% type AB human serum (Hyland Laboratories, Los Angeles, Calif., Lot #3188HOOlA1) and 1 ACi/ml of Tdr-3H (New England Nuclear Corp., Boston, Mass., specific activity 0.067 Ci/mM) was added to each flask. The flasks were divided into two groups. To group 1, one drop of polystyrene particles (Bacto-Latex, 0.81 a, Difco Laboratories, Detroit, Mich.) was added and the cells incubated at 370C in 5% C02 and air for 5 hr. The cells were washed three times (100 g), suspended in a drop of serum and smeared onto gelatin-coated slides with a red sable brush. Group 2 cells were similarly incubated for 5 hr with Tdr-3H, centrifuged at 100 g for 10 min, and washed with MEM. The cells were placed in new flasks with fresh medium, and 15% serum, and incubated for an additional 67 hr. Cold thymidine 10' M was added to inhibit further cell division (6) and minimize reutilization. 5 hr before termination polystyrene particles were added. At the conclusion of the culture period the cells were counted with a hemocytometer, washed three times (100 g) and smeared onto gelatin-coated slides. The slides were air dried and fixed in cold methanol 15 min for later radioautography.
Cell counts and trypan blue viability studies obtained at 72 hr indicated that approximately one-half of the mononuclear cells remained. After this time the number of viable cells decreased rapidly. The number of each cell type at 5 and 72 hr was calculated by multiplying the number per culture by the per cent of that cell type determined from a 1000 cell differential count.
Other cultures were prepared in modified Sykes-Moore chambers (Bellco Glass, Inc., Vineland, N. J.) containing glass cover slips 25 mm in diameter. In these experiments 10 million leukocytes were suspended in 2 ml Medium 199 (Grand Island Biological Co.), 30% fetal calf serum (Microbiological Associates, Inc., Bethesda, Md.) and Tdr-8H. After a 3 hr incubation, the leukocytes were separated into glass adherent and nonadherent populations. To obtain adherent cells, the cover slips were washed three times with 2 ml of Medium 199 by vigorous shaking and mounted on glass slides with Permount (Fisher Scientific Co., Pittsburgh, Pa.). Quantitation by cell density indicated that about 10% of the original number of cells were glass adherent and consisted of monocytes and granulocytes (mean number of monocytes 59%, range 31-64%o). The nonadherent cells, consisting of the culture supernatant and pooled cover slip washes, were washed three times and smeared onto gelatin-coated slides. Each preparation was fixed in cold methanol before radioautography.
Radioautography. Radioautographs were prepared and stained as described previously (2) . The 5and 72-hr smears of each patient were dipped simultaneously and a minimum of 1000 cells were counted. To be scored as a labeled cell at least 10 grains over the nucleus were present. The background grain count was always less than 200 grains per oil immersion field.
RESULTS
Morphology of Tdr-3H-labeled mononuclear leukocytes. The features of mononuclear leukocytes which incorporated Tdr-'H during the initial 5 hr and other labeled cells cultured for 72 hr are described in the legend accompanying Fig. 1 . Typically, DNA-synthesizing cells at 5 hr were large, nonphagocytic cells with mature nuclei without nucleoli. Monocytes with intracytoplasmic latex particles were not Tdr-3H labeled. During the 3 day culture period, labeled cells became larger and some nuclei were compressed by an increased amount of pale staining, vacuolated cytoplasm that now contained numerous latex particles. These cells had become macrophages. Other large labeled cells with basophilic cytoplasm were also present, but Tdr-3Hlabeled small lymphocytes were rarely observed. Occasionally, large blast-like cells 20 to 30 Az with immature nuclei and abundant basophilic cytoplasm were observed. These appeared to be "transformed" small lymphocytes and were not Tdr-3H labeled.
Minimal cell division occurred in vitro. The mean grain counts of the 5and 72-hr cell smears of each patient dipped simultaneously were 27 and 19 grains, indicating a mean of less than one cell division.
Phagocytic capacity of Tdr-'H-labeled cells. In agreement with previous studies (2-4) only 0.1% of the blood mononuclear leukocytes from five normal individuals incorporated Tdr-3H after 5 hr of incubation. Table I shows that after 5 hr all patients with inflammatory diseases demonstrated increased numbers of DNAsynthesizing cells (range 0.7-17.0%). Only 4 of 18 patients demonstrated Tdr-8H-labeled phagocytes and these were present in small numbers. In sharp contrast, at 72 hr Tdr-3H-labeled phagocytes were observed in 17 of 18 patients, and in 12 at least one-half of the remaining labeled leukocytes had developed the capacity to phagocytose latex particles.
The table also indicates that the viability of labeled cells correlated well with the number of labeled macrophages observed. One-half of the original number of tritium-labeled cells were recovered at 72 hr from the SLE group and two-thirds of these became phagocytes. Degenerating, bare Tdr-3H-labeled nuclei were common at 72 hr. D through F show 5 hr pulse-labeled cells cultured for 72 hr. (D) A Tdr-8H-labeled nonphagocytic cell. In this category were large cells similar to macrophages except that no latex particles were present; large cells with features suggesting plasma cells, such as eccentric nuclei and basophilic cytoplasm (seen especially in infectious hepatitis) ; and occasionally cells with centrally placed nuclei and basophilic cytoplasm. The cell shown contains an abundant basophilic cytoplasm (G. W.-SLE, X 1540. (E) and (F) Tdr-3H-labeled macrophages. These cells have increased in size and are 21 and 23 A. The nuclei are irregular and in F is compressed by the abundant, slightly basophilic, vacuolated cytoplasm. The cell margins acquired a ruffled appearance. Note the numerous latex particles in the cytoplasm. (G. W.-SLE, X 1540).
Circulating Proliferating Macrophage Precursors in Inflammatory
In this group, then, one-third of the original number of Tdr-2H-labeled cells had become macrophages. In a miscellaneous group whose diagnoses were rheumatoid arthritis, JRA,, septicemia, and pneumonia, 30% of the original number of Tdr-3H-labeled cells were recovered and one-half of these became macrophages. In contrast, the DNA-synthesizing cells from two patients with infectious hepatitis and one with infectious mononucleosis were poorly viable in culture (12, 8, and 3% remaining), and of these only 6 of 44 were phagocytic. In these patients less than 1% of the original number of Tdr-sH-labeled cells became macrophages.
The steady rise in Tdr-8H-labeled macrophages at 24 and 72 hr in a patient with SLE is illustrated in T days 59% of the Tdr-'H-labeled cells observed contained latex particles and comprised 14% of the remaining macrophages. The Tdr-'H-labeled cells survived as well as their original large nonphagocytic population (27% and 24%, respectively). Glass-adherent and nonadherent Tdr-2H-labeled cells.
The following studies were performed to learn if human Tdr-2H-labeled macrophage precursors stick to glass, a property of the recently described mouse marrow promonocyte (7) . Blood leukocytes were cultured on glass coverslips and separated into adherent and nonadherent populations. Table II indicates that practically all the Tdr-MH-labeled cells were found in the nonadherent fraction. Although the concentration of blood monocytes increased 10-fold on the coverslip preparations, adherent Tdr-'H-labeled cells from three patients with SLE and one with pneumonia were observed only rarely. A tritium-labeled adherent cell is shown in Fig. 4 which according to recent criteria (8) is a promonocyte.
Comparison of the Tdr-'H-labeled with the unlabeled mononuclear leukocytes in vivo. Using the described criteria for classifying mononuclear cells by size and phagocytic capacity, the number of mononuclear leukocytes of the blood of 10 normal individuals was determined. The mean number of large phagocytic cells (400/mm') was consistent with Wintrobe's (9) mean value of monocytes (500/mm3). The values determined for lymphocytes and granulocytes were also similar to those given by Wintrobe and indicate that the leukocyte counts determined in vitro appear to reflect the number of circulating small lymphocytes, large "lymphocytes," and monocytes (Table III) . Increased numbers of large nonphagocytic cells (P <0.005) and decreased numbers of small lymphocytes (P < 0.05) were found in the patients studied when compared with normal individuals (Table III) . There was no significant difference in the number of monocytes or the total mononuclear cells between the two groups. Since 35% of the large nonphagocytic mono- nuclear cells could be labeled with Tdr-3H and many of these later became macrophages in vitro, many of these cells may function as proliferating macrophages in the inflammatory lesions of the patients studied. These shifts in the blood mononuclear populations are schematically shown in Fig. 5 .
DISCUSSION
To avoid the pitfalls of some previous studies dealing with the relationship between lymphocytes, monocytes, and macrophages, blood mononuclear cells were classified by size and phagocytic capacity rather than by morphologic features, and reported in terms of absolute numbers rather than percentage observed. A threefold increase in the number of large, nonphagocytic, blood mononuclear leukocytes was found in patients with inflammatory diseases. Many of these were morphologically similar to the "stress lymphocytes" of Frank and Dougherty (10) , and as a group to the "atypical lymphocytes" of Wood and Frenkel (5) . 35% of these large nonphagocytic mononuclears were DNAsynthesizing cells similar to those originally described by Bond and coworkers (3) and recently by Horwitz, Stastny, and Ziff (2) . Tdr-2H-labeled large phagocytic cells (monocytes) or small lymphocytes were rare.
The DNA-synthesizing "atypical lymphocytes" could be divided into two populations which differed in viability and capacity to become phagocytes after 72 hr of culture. The Tdr-'H-labeled cells in patients with infectious hepatitis and infectious mononucleosis were poorly viable in culture and rarely became macrophages. The results in infectious mononucleosis are consistent with those of Hirsch' and MacKinney (11) . The origin and function of these cells are unknown.
In patients with SLE, one-half of the Tdr-2H-labeled cells were recovered at 72 hr and two-thirds of these became phagocytes. Similarly, patients with rheumatoid arthritis and others with bacterial infections demonstrated large numbers of macrophage precursors. The site of origin of these cells may be the bone marrow. There 'Hirsch, J. G. Unpublished observation.
is conclusive evidence the macrophages which appear in inflammatory lesions are hematogenous and derived from rapidly dividing precursors in the bone marrow (12) (13) (14) (15) (16) . The circulating antecedent of these macrophages is considered to be the monocyte (7, 14, 15) . Human DNA-synthesizing macrophage precursors may be derived from the monocyte cell line. They may be mature monocytes that have been induced to proliferate before sampling and lack the morphologic and physiological properties of this cell consequent to DNA synthesis. Secondly, these large mononuclear cells may be the human equivalent to the mouse promonocyte. Van Furth and Cohen (15) and van Furth, Hirsch, and Fedorko (17) have recently described the marrow precursors of mouse monocytes which they called promonocytes. Both "atypical" mononuclear cells and promonocytes can incorporate Tdr-'H and later become mature macrophages. However, mouse promonocytes by definition stick to glass and phagocytose staphylo- (30) . Patients are listed in the same order as in Table I. cocci (8) . In the present studies human Tdr-8H-labeled mononuclears rarely adhered to glass or phagocytosed particles similar in size to the bacteria. Further, human Tdr-8H-labeled mononuclears morphologically lack the immature nuclei with nucleoli and cytoplasmic basophilia characteristic of mouse promonocytes (17 Thirdly, the Tdr-'H-labeled mononuclears may be marrow-derived precursors of promonocytes, which include pluripotent stem cells. Van Furth and Diesselhoff-Den-Dulk reported that the promonocyte probably can only divide once and must be maintained by a pool of precursor cells whose morphology is not known (19) . At this time two candidates for marrow stem cells are "transitional" cell of Yoffey (20) and the "monocytoid" cell of Tyler and Everett (21) . Each of these is a large mononuclear cell capable of DNA synthesis (21, 22) with morphological features similar to many of the circulating DNA-synthesizing cells reported in the present experiments. Stem cells have been found to circulate in the blood (23) . Most recently Everett and Tyler have reported that erythroid stem cells can be recovered from experimentally induced subcutaneous exudates (24) . These data are consistent with our previous suggestion that the observed DNAsynthesizing cells are marrow-derived stem cells released into the circulation in response to inflammatory stimuli (2).
Finally, it is possible that large number of tritiumlabeled macrophages were observed only because of the artificial environment in vitro. Metcalf recently described granulocytes in colonies developing from bone marrow cells which have the capacity to become macrophages (25) .
The present studies emphasize the functional heterogeneity of morphologically similar "lymphocytes." Although the large Tdr-3H-labeled cells described resemble antigenically stimulated, recirculating, long-lived, small lymphocytes (26), the work of several investigators conclusively excludes the recirculating small lymphocyte as a significant source of macrophages (13) (14) (15) . The present studies suggest that marrow-derived macrophage precursors masquerading as lymphocytes circulate in increased numbers in patients with certain inflammatory diseases. In retrospect, the work of Schooley and Berman (27) and Ginsberg and Lagunoff (28) suggests that similar macrophage precursors are present in the thoracic duct lymph as well. The presence of marrow-derived "lymphocyte-like" cells in the thoracic duct may explain the findings of Boak, Christie, Ford, and Howard who found that liver macrophages developed from thoracic duct cells (29) .
The present experiments offer the possibility that the monocyte may not be the only source of macrophages in the circulation of humans. The Tdr-'H-labeled large nonphagocytic cells may be very immature 'Horwitz, D. A., and M. Ziff. Unpublished observations. monocyte precursors which continue to proliferate in the tissue. Increased numbers of large, nonphagocytic "lymphocyte-like" cells may reflect a "shift to the left" in the monocyte cell line, and thus, significantly increase the number of macrophage precursor cells available for recruitment to inflammatory foci.
